Probing a Very Narrow Z' Boson with CDF and DO Data 
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The CDF and DO data of nearly 475 pb~^ in the dilepton channel is used to probe a recent class 
of models, Stueckelberg extensions of the Standard Model (StSM), which predict a Z' boson whose 
mass is of topological origin with a very narrow decay width. A Drell-Yan analysis for dilepton 
production via this Z' shows that the current data put constraints on the parameter space of the 
StSM. With a total integrated luminosity of 8 fb~^, the very narrow Z' can be discovered up to a 
mass of about 600 GeV. The StSM Z' will be very distinct since it can occur in the region where a 
Randall- Sundrum graviton is excluded. 

PACS numbers: 14.70.Pw, 12.15.Lk, ll.lO.Kk, 12.60.Cn 
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Introduction. — In this Letter we investigate the im- 
phcations of the cumulative CDF and DO [3| data in 
the dilepton channel to probe the very narrow Z' bo- 
son that arises in the U{l)x Stueckelberg extension of 
the Standard Model (StSM) j^]. Thus string models in- 
volving dimensional reduction and intersecting D branes 
Pi allow for the possibility of an abelian gauge boson 
gaining mass without the benefit of a Higgs phenomenon 
via the Stueckelberg mechanism where the mass param- 
eter is topological in nature j^. Indeed the Stueckel- 
berg couplings have played an important role in the D 
brane model building . The topological mass scale can 
be obtained from dimensional reduction and is typically 
the size of the compactification scale 01 ■ However, it 
could also be taken as an independent parameter 0- 
The model of Ref. [sl involves a non-trivial mixing of 
the Stueckelberg and the Standard Model (SM) sectors 
via an additional term Cgt in the low energy effective 
Lagrangian so that 



Cst = — 



C C^'^ 1 

+gxC^,J^^- {d^a + MiC^ + AhB^f 

(1) 

where is the gauge field for U{l)x and gives cou- 
pling to the hidden sector (HS) but has no coupling to the 
visible sector (VS) , is the gauge field associated with 
U{1)y^ cr is the axion, and Mi and M2 are mass param- 
eters that appear in the Stueckelberg extension. After 
electroweak symmetry breaking with a single Higgs dou- 
blet, the gauge group SU{2)l x U{\)y x U{\)x breaks 
down to C/(l)em, and the neutral sector is modified due 
to mixing with the Stueckelberg sector. The mass^ ma- 
trix in the neutral sector is a 3 x 3 matrix and in the 
basis (C^,B^^,A^^') is given by 



Ml 




M1M2 
jv 9y 





Mi -Wg29Y 

\ 9 9 

i^- .92 



(2) 



SU{2)l{U{1)y) sectors, and v = (H) where H is 
the SM Higgs field. being real and symmetric 

is diagonalized by an orthonormal matrix O so that 
O'^ Alg^O — -M|^_jj^g with the useful parameterization 



O 



c^c^ — ses^Sjp 



-s^s^ + sec^c^ cec^ | . (3) 
-cec^ se 



One then finds <0 = M2/M1, tg = gYC^/g2 and 
t0 = tgt^M^{c0{M^,-M^{l + tl)))-'^ where se = 
sin6',ce — cos9,t0 = tan6', etc. Eq. (2) contains one 
massless state, i.e., the photon, and two massive states, 
i.e., the Z and Z' . The photon field here is a linear com- 
bination of , B^ , A'^'^ which distinguishes it from other 
class of extensions [see, e.g., _9, JiJj], and in addition 
the model contains a very narrow Z' resonance. The ef- 
fects of the Stueckelberg extension are contained in the 
parameters e = M2/M1 and Mi. In the limit e ^ the 
Stueckelberg sector decouples from the Standard Model. 

Electroweak constraints. — To determine the allowed 
corridors in e and Mi, we follow a similar approach as 
in the analysis of Refs. [ill fl^ used in constraining the 
size of extra dimensions. We begin by recalling that in 
the on-shell scheme the W boson mass including loop 
corrections is given by |l3j 



M^ = 



V2Gf sin^ 0wil-Ar) 



(4) 



where 52 (^y) are the gauge couplings in the 



where the Fermi constant Gp and the fine structure con- 
stant a (at — 0) are known to a high degree of accu- 
racy. The quantity Ar is the radiative correction and is 
determined so that Ar = 0.0363 ± 0.0019 ^14], where the 
uncertainty comes from error in the top mass and from 
the error in a{M^). Now since in the on-shell scheme 
sin^ 9iY = {I - M^/M'^) one may use Eq. igj) and the 
current experimental value of Mw = 80.425 ± 0.034 Q 
to make a prediction of Mz- Such a prediction within SM 
is in excellent agreement with the current experimental 
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value of Mz ^ 91.1876 ± 0.0021. Thus the above analy- 
sis requires that the effects of the Stueekelberg extension 
on the Z mass must be such that they lie in the error 
corridor of the SM prediction. We now calculate the er- 
ror SAIz in the SM prediction of Mz in order to limit e. 
From Eq. Q we find that 5 = 5Mz/Mz\sm is given by 



6 = 



'1-2 sin^ 6w 6Mw 
cos^ 9w Mz 



tan 



'W 



((5Ar)2 



4(1 - Ar)2 



(5) 



From Eq. (2) the Stueekelberg correction to the Z mass 
in the region > M| is given by jAM^/Mzl = 
isin^ 6*^^(1 - Ml/Ml)-^€^. Equating this shift to the 
result of Eq. (5) one finds an upper bound on e 



< 



0.061^1 - {Mz/M^Y 



(6) 



Next we obtain in an independent way the constraint 
on e by using a fit to a standard set of electroweak param- 
eters. We follow closely the analysis of the LEP Working 
Group 01 [see also Refs. 0,01] i except that we will 
use the vector [vf) and axial vector (a/) couplings for the 
fermions in the StSM. Here, we exhibit as an example, 
the Z couplings of the charged leptons in the StSM 



(7) 



where Pl,r are as defined in Ref. [3|, and where pe 
and Ki (in general complex valued quantities) contain 
radiative corrections from propagator self-energies and 
flavor specific vertex corrections and are as defined in 
Refs. [lj,[l3- The SM hmit corresponds to e ~> 0, and 
h,R ^ 1. 

Using the above modifications we have carried out a 
fit in the electroweak sector. Results of the analysis 
are given in Table 1 for Mi = 250 GeV and e in the 
range (0.035-0.057) where the upper limit corresponds 
to Eq. (6) and the lower hmit yields |APuU| < 1. To 
indicate the quality of the fits we compute x^/DOF= 
(20.1,16.2,18.4)/18 for e = (0.057,0.035,0.0) excluding 
Afg^ and xVDOF= (43.3,28.0,25.0)/19 including Af^^ 
(where DOF represents degrees of freedom). We note 
that e = 0.035 gives the same excellent fit to the data 
as e = [sm[i|] case including or excluding A^^'. For 
e = 0.057 the fit excluding A'-pg^ is as good as for the SM 



case, but less so when one includes A 



(0,b) 
FB 



However, as is 



well known A^^-* is also problematic in SM since it has 
a large Pull. Thus Ref. [14] quotes the PuU for 



l(0,b) 



the range [-2.5,-2.8] and states that the large shift could 
be due to a fluctuation in one or more of the input mea- 
surements in their experimental fits. It is also stated in 
Ref. ^3 that at least some of the problem here may be 
experimental. Thus it would appear that the determina- 
tion of Apg'^ is on a somewhat less firm footing than the 
other electroweak parameters. 



TABLE I: Results of the StSM fit to a standard set of 
electroweak observables at the Z pole for e in the range 
(0.035 - 0.057) for Mi = 250 GeV. The Pulls are calculated 
as shifts from the SM fit via APuU = (SM - StSM)/(5exp and 
Pull(StSM)=Pull(SM)+ APuU. The data in column 2 are 
taken from Ref. 181. 



Quantity Value (Experiment) 



StSM 



APuU 



Pz [GeV] 
cThad [nb] 

Re 

Rfj. 

Rt 
Rb 

Rc 

^FB 

a(0,t) 



FB 
(0,6) 
FB 
4(0.=) 

J±T. 



A 



A 



FB 
(O.s) 
FB 

A, 
A, 

Ai 
A, 
As 



2.4952 ± 0.0023 
41.541 ± 0.037 
20.804 ± 0.050 
20.785 ± 0.033 
20.764 ± 0.045 
0.21643 ± 0.00072 
0.1686 ± 0.0047 
0.0145 ± 0.0025 
0.0169 ± 0.0013 
0.0188 ± 0.0017 
0.0991 ± 0.0016 
0.0708 ± 0.0035 

0.098 ± 0.011 
0.1515 ± 0.0019 
0.142 ± 0.015 
0.143 ± 0.004 
0.923 ± 0.020 
0.671 ± 0.027 
0.895 ± 0.091 



(2.4948-2.4935) 
(41.478-41.481) 
(20.743-20.742) 
(20.744-20.743) 
(20.791-20.790) 
(0.21583-0.21583) 
(0.1723-0.1723) 
(0.0167-0.0174) 
(0.0167-0.0174) 
(0.0167-0.0174) 
(0.1046-0.1068) 
(0.0748-0.0764) 
(0.105-0.107) 
(0.1492-0.1524) 
(0.149-0.152) 
(0.149-0.152) 
(0.935-0.935) 
(0.668-0.668) 
(0.936-0.936) 



(0.4, 0.9) 
(-0.1, -0.1) 
(-0.1, -0.2) 
(0.1, 0.2) 
(0.0, 0.1) 
(0.0, 0.0) 
(0.0, 0.0) 
(-0.2, -0.5) 
(-0.3, -0.9) 
(-0.3, -0.7) 
(-0.9, -2.2) 
(-0.3, -0.7) 
(-0.1, -0.3) 
(-1.0, -2.7) 
(-0.1, -0.3) 
(-0.5, -1.3) 
(0.0, 0.0) 
(0.0, 0.0) 
(0.0, 0.0) 



The Stueekelberg extension of the Standard Model is 
among a class of models where such an extension can 
occur. Other examples are provided by the extension 
SU{2)l X U{1)r, X U{1)b-l X U{l)x, or by the exten- 
sion of the more popular SU{2)l x SU(2)r x U{1)b-l 
Left-Right (LR) model 19] to give the gauge group 
SU{2)l X SU{2)fi, X U{1)b-l x U{1)x (StLR). Here the 
mixing matrix is still a consequence of Eq. (1) except 
that i?p now stands for the U{1)b-l gauge field. The 
vector mass^ matrix in this case is 4 x 4 involving the 
fields (C^jB^, The mass^ matrix leads to 

one massless state and three massive states Z, Z', Z" . It 
is easily checked that the electro-magnetic interaction is 



given by C-em = eAJ ( J^_^ 



9 



Ml 



^2L 



9l 



J2r) where 



A/2 



(8) 



and where gy is related to g — g2L — g2R and g' by 
l/gy = 1/5^ + l/.?'^- The above relations hmit to the 
standard LR relation as M2/M1 — > 0. Quite remarkably 
the Z' couplings of StLR are very close to the Z' cou- 
plings of StSM and thus we will focus the analysis on 
StSM and the results for the StLR will be very similar. 

Drell-Yan analysis of Stueekelberg Z'.— Next we dis- 
cuss the production of the narrow Z' by the Drell- 
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— StSMs constrained by EW 

— StSM e = ,05 

— . StSM e = .04 
_ , StSI^ e = .03 
, , , StSM e = .02 

-■- CDFti^tf 95%C.L. 




400 450 500 550 600 

StSM Z' Mass [GeV] 

FIG. 1: Z' signal in StSM using the CDF I] and DO 2] 
data. The data puts a lower limit of about 250 GeV on Mz' 
for e « 0.035 and 375 GeV for e « 0.06. 



Yan process at the Tevatron. For the hadronic pro- 
cess A + B V + X, and the partonic subprocess 
qq —^ V —^ l^l^, the dilepton production differential 
cross section to leading order (Born) is given by 

^ = -X m W{AB(,,)}(r), r ^ My s 



W{AB(gg)}(T) 



dxdyS{T - xy)V{AB{qq)}{x,y), 



'P{AB{qq)}{x,y) = fq,A{x)fq,B{y) + f qA^) fq.siv) ■ 

Here fq^A and fq^A are parton distribution functions 
(PDFs) . a''^ is given in Q . may be calculated via a 
perturbative expansion in the strong coupling, Us, which 
is conventionally absorbed into the Drell-Yan K factor 
as discussed in detail in Refs. [1, 0,0, 113 ■ 

In Fig. 1 we give an analysis of the Drell-Yan cross 
section for the process pp Z' as a function 

of Mz'. The analysis is done at ^/s — 1.96 TeV, us- 
ing the CTEQ5L 21] PDFs with a flat K factor of 1.3 
for the appropriate comparisons with other models and 
with the CDF Q and DO combined data in the dilep- 
ton channel. Remarkably one finds that the Stueckelberg 
Z' for the case e « 0.06 is eliminated up to about 375 
GeV with the current data (at 95% C.L.). This lower 
limit decreases as e decreases but the current data still 
constrain the model up to e w 0.035. This result is in 
contrast to the LR, Eq, and to the little Higgs models 
[2^ where the Z' boson has already been eliminated up 
to (610-815) GeV with the CDF 1] and DO 2] data. In 
Fig. 2 we give the analysis of the discovery limit for the 
Stueckelberg Z' with an integrated luminosity of 8 fb^^. 



stueckelberg Z' Signals 

• Tevatron Search Reach / Model Discrimination 

• DO Sensitivities Extrapolated for L = 8 fb~^ 



- StSM E constrained by EW 

- StSM E = .05 

- StSM E = .04 
■ ' StSM E = .03 

StSM E = .02 

_ RS Signai k/Mpi - .01 

^ DO tr^ tr" Sensitivity 

L- DO (e^ e" + yy) Sensitivity 




450 500 550 600 

StSM Z' Mass [GeV] 

FIG. 2: Z' signal in StSM with 8 fb"^ of data using an 
extrapolation of the sensitivity of the DO detector for the 
and e"'"e~ -I- 77 modes. The data will put a lower limit 
of about 600 (300) GeV on Mz> mass for e = 0.06(0.02). Also 
plotted for comparison is a ■ Br{G l^l^) for the RS case. 



Here we have extrapolated the experimental sensitivity 
curves for the and for the more sensitive e^e~ -I-77 

channel downwards by a factor of where N is the 

ratio of the expected integrated luminosity to the current 
integrated luminosity. The analysis shows that a Stueck- 
elberg Z' can be discovered up to a mass of about 600 
GeV and if no effect is seen one can put a lower limit on 
the Z' mass at about 600 GeV. In Fig. 3 we give the ex- 
clusion plots in the e — AIz' plane using the current data 
and also using the total integrated luminosity of 8 fb^^ 
expected at the Tevatron. An analysis including hidden 
sector with Fhs = Tys is also exhibited. The exclusion 
plots show that even the hidden sector is beginning to be 
constrained and these constraints will become even more 
severe with future data. 

Conclusion.— The type of Z' boson that arises from 
the mixing of the Standard Model with the Stueckelberg 
sector is very different from the Z' bosons that normally 
arise in CT;and unified models 8] and in string models 
such as [KI , or in Kaluza-Klein excitations of the Z in the 
compactifications of large extra dimensions . The dis- 
tinguishing feature is that the decay width in the present 
case is exceptionally narrow with width < 60 MeV for 
Mz' < 1 TeV. It is interesting to note that there is 
a region of the parameter space where a Stueckelberg 
Z' boson may be mistaken for a narrow resonance of a 
Randall-Sundrum (RS) warped geometry. The RS 
warped geometry is a slice of anti— de Sitter space [AdS^) 
with the metric ds^ = exp{—2krc\(l)\)ri^iydx^^dx''' — r^c?(/)^, 
< < TT, where is the radius of the extra dimen- 
sion and k is the curvature of AdS^. The overlap of 
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Region VI : Unconstrained 



Electroweak Constraint 
246-275 pb»(-1) HS=0 
246-275 pb"(-1) HS=VS 
fb»(-1) HS=0 
fb"(-1) HS=VS 
H I Excluded by EW 
H II 
H III 

□ IV 

□ V 

I VI Unconstrained 



0' — 
200 



250 300 350 



400 450 500 550 600 
StSM Z-Prime Mass [Gev] 



650 700 750 800 



FIG. 3: Exclusionplots in the e — Mz' plane utilizing the 
more sensitive DO [2| e^e~ + 77 mode with (a) the 246-275 
pb~^ of data, and (b) 8 fb~^ of data where an extrapolation 
of the sensitivity curve is used. The upper dashed curve is 
the maximum value of e allowed by Eq. (6) and the lower 
dashed curve corresponds to |APull| < 1 (see the text for 
the validity of imposing the lower constraint). Cases with 
(without) a hidden sector are shown. Regions II, III, IV, and 
V are constrained by the conditions given at their respective 
boundaries. 



a-Br{Z' 1+1-) and a-Br{G l+l~)_foT the RS gravi- 
ton is shown in Fig. 2 for the case fc/A/pi 0.01 where 
Mpi = A/pi/a/Stt is the reduced Planck mass. However, 
the constraints of the precision electroweak data actually 
eliminate the RS graviton in this case 0, . Thus if 
a resonance effect is seen in the dilepton mass range of 
up to about 600 GeV in the CDF and DO data at the 
predicted level, the Stueckelberg Z' would be a prime 
candidate since the RS graviton possibility is absent in 
this case. 
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